The overall abundance and species composition of the polycystine and phaeodarian radiolaria have been determined in 63 surface sediment samples from the GIN Seas. These results are compared to chemical and physical properties of the overlying water masses. There are three abundance maxima in the distribution of radiolarian skeletal debris preserved in these surface sediments, centered on the Iceland Plateau, southern Norwegian Basin and northern Norwegian Basin. The most commonly encountered species were: (a) Spumellarida -Actinomma boreale, A. leptoderma, Larcospira minor, and Phorticium clevei, (b) Nassellarida -Amphimelissa setosa, Artobotrys boreale, Lithomelissa setosa, Lithocampe platycephala, Pseudodictyophimus gracilipes, Cycladophora davisiana, and Lithomitra lineata. Based on factor analysis of the core-top assemblages, the radiolarian species were grouped into three associations: Factor 1 -a polar-and arctic water association dominated by Amphimelissa setosa (varimax factor score 5.269), high factor component values are found in the Iceland Plateau area and in a wedge just north of the Iceland-Faeroe Ridge; Factor 2 -an Atlantic water association dominated by Pseudodictyophimus gracilipes (3.247), Lithomelissa setosa (2.731), and Actinomma boreale (1.851), high factor component values are found in the eastern part of the Norwegian Sea, particularly in the area under the influence of the Norwegian Current; and Factor 3 -an Atlantic and arctic water mixed association dominated by Lithocampe platycephala (3.251), Lithomelissa setosa ( 2.176), Actinomma leptoderma (1.994) and Artobotrys boreale (1.504), high factor component values are found immediately to the east of the Iceland Plateau in correspondence to the deepest part of the Norwegian Basin. The correlation coefficients obtained between seasonal sea surface temperature and Factors 1 .R 2 D 0:835/, and 2 .R 2 D 0:891/ show a good fit, whilst for Factor 3 there was a less marked .R 2 D 0:497/, but still significant at the 5% confidence level, correlation for fifth-degree polynomial regression functions. The factors correlated better with the summer than the winter sea surface temperatures. However, at 20, 50, 100 and 200 m depth, the correlation became increasingly better, particularly so for the winter situation. The highest species richness for polycystine radiolarians (>28 species) was found in the warm Atlantic domain, the lowest (<24 species) was found in the colder arctic and polar domains, whilst an area approximating the position of the Arctic front had between 24 and 28 species. © 1998 Elsevier Science B.V. All rights reserved.
Introduction
The region occupied by the Greenland, Iceland, and Norwegian (GIN) Seas (Fig. 1 ) is liable to major changes in oceanographic conditions, and thus the fossil record in the sediments of the region offers a particularly sensitive indicator of palaeoceanographic changes. Kellogg (1976) demonstrated that the position of the polar front, now in the western GIN Seas at above 70ºN, was located in the North Atlantic at about 45ºN latitude during the last glacial maximum. The hydrographical setting ( Fig. 2a-c) with cold, low-salinity arctic water masses in the west and warm, high salinity Atlantic water masses in the east, changed through the latest glacial-interglacial cycle (Koç-Karpuz and Schrader, 1990; Koç et al., 1993 Koç et al., , 1996 . The various modern water masses can be recognized not only by their hydrographical parameters, but also by their micro-, zoo-, and phytoplankton assemblages. The study of these assemblages can provide information, in space and time, on surface and subsurface water temperatures, water mass boundaries, oceanographic fronts and surface currents, Fig. 3 .
The palaeontological record of the GIN Seas has been studied in detail by several authors in an attempt to reconstruct the sequence of oceanographical developments in the region during the last 18 Ka. Most such reconstructions are based on distributions of planktonic foraminifera (Kellogg, 1976 (Kellogg, , 1984 Johannessen et al., 1994) . Unfortunately, the species richness of planktic foraminifera in the high latitudes of the GIN Seas is low (ca. 9 species, Kellogg, 1976) compared to that of tropical areas (ca. 30 species, Tolderlund and Bé, 1971; Bé and Hutson, 1977) . The planktic foraminiferan assemblage of the GIN Seas is, according to Kellogg (1976) , almost monospecific: Neogloboquadrina pachyderma (dextral) represents 95% or more of the assemblage, while N. pachyderma (sinistral) and four additional species are common: Globigerina bulloides, G. quinqueloba, Globorotalia inflata and Globigerinita glutinata. An additional four species are listed as rare in the appendix (microfiche) of Kellogg (1975) . The low species richness of planktonic foraminifers in the north Atlantic and in the GIN Seas reduces the reliability of planktic foraminifera transfer function palaeo-temperature estimates (Le and Shackleton, 1994) . The high diversity of both diatoms and radiolarians in the study area potentially allows a more reliable use of this technique. The data presented herein have been used to develop a palaeo-temperature transfer function for the last ca. 13 500 years B.P. in the southeastern Norwegian Basin (Dolven, 1998) . Pflaumann et al. (1996) present a new method of temperature estimation (SIMMAX) which can be used to link faunal assemblages and sea surface temperature measurements. SIMMAX, according to Pflaumann et al. (1996) , is a " : : : modern analog technique (Hutson, 1980) , directly measures the difference between the faunal composition of a subject sample with a subset of best analogs of a modern assemblage dataset selected by a similarity or dissimilarity index and estimates a temperature as the average or weighted average of the 'measured' temperatures at the stations with the best analogs". There are advantages and disadvantages in using SIMMAX (Pflaumann et al., 1996) or CABFAC (Klovan and Imbrie, 1971 ). The reader is referred to Pflaumann et al. (1996) for a more thorough discussion of the topic.
In one study in the area ca. 70 diatom species were used to define diatom associations from the surface sediments of the north Atlantic and the GIN Seas, and to extract palaeo temperature estimates during the last 14 Ka (Koç-Karpuz and Schrader, 1990; Koç et al., 1993 Koç et al., , 1996 .
Radiolarian fossils are also of potential value in palaeoclimatic reconstructions, but so far few palaeoclimatic interpretations and reconstructions in the GIN Seas have been based on radiolarian distributions (see Jansen and Bjørklund, 1985 , and more recently Molina-Cruz and Bernal-Ramirez, 1996) . The polycystine radiolarian assemblages of the GIN Seas have only been studied extensively from a taxonomical point of view (Cleve, 1899 (Cleve, , 1900 Jør-gensen, 1900 Jør-gensen, , 1905 Schröder, 1909 Schröder, , 1914 . Bjørk-lund (1976) presented photographs of many of the species described by Jørgensen ( , 1905 , based on Jørgensen's slides. The fauna found in Recent sediments is composed of about 70 species (Petrushevskaya and Bjørklund, 1974) . Samtleben et al. (1995) reported 50 species from the sediment and 60 from the water column, making radiolarians the most species-rich micro-zooplankton group found in both the plankton and sediments in the GIN Seas. We have identified 75 species in the sediments (Appendixes A Fig. 1 . Map of the Greenland, Iceland and Norwegian Sea (redrawn after Eldholm et al., 1990 ). The marked box shows the location of the study area. and B), however, only those that have been included in the CABFAC analysis are illustrated in this paper (Plates I and II).
Oceanographic setting and water masses
The GIN Seas are connected to the polar province through the Barents Sea and the Fram Strait, and to the North Atlantic Ocean over the Iceland-Faeroe Ridge, Fig. 1 . The formation of these gateways between the Atlantic and the Arctic Oceans led, during mid to late Neogene, to extensive changes in the palaeoceanography of the Atlantic Ocean, allowing exchange of cold waters between polar and subpolar deep-sea basins .
The Greenland and Iceland Seas are now areas of intensive formation of deep-water. Water mass definitions are given in Table 1 from Swift and Fig. 2 (continued) . (c) Salinity in the surface waters of the GIN Sea (redrawn from Dietrich, 1969) , 0.1 psu isohales. Areas where salinity is lower than 35 psu are shaded. Aagaard (1981) , who also give a detailed description of the hydrography of the GIN Seas.
Two surface current systems, the warm North Atlantic Drift also referred to as the Norwegian Current and the cold East Greenland Current (EGC), have gyres that merge in the GIN Seas, Fig. 3 . Due to cooling and mixing of the Atlantic Water (AW) with other water masses in the Greenland and Iceland Seas, cascades of Greenland Sea Deep Water (GSDW) and Norwegian Sea Deep Water (NSDW) are formed. AW is the primary source of GSDW (Swift and Aagaard, 1981) . AW and Arctic Sea Water (ASW) appear not to mix before cooling, because they are separated by the Arctic Front, Fig. 3 . As the Norwegian Sea and half of the Iceland and Green- Dietrich, 1969) , 1ºC isotherms. Areas where temperature is lower than 5ºC are shaded. (b) Summer surface water temperature in the GIN Sea (redrawn from Dietrich, 1969) , 1ºC isotherms. Areas where temperature is higher than 10ºC are shaded.
land Seas remain ice-free during winter, Swift and Aagaard (1981) concluded that the contribution of AW had to predominate, otherwise the low density Polar Water (PW) could rapidly stratify the surface layer and permit winter ice formation.
The close juxtaposition of warm and cold water masses results in the formation of distinct oceanographic fronts. Between these two main water masses, mixed Arctic surface water is formed in two large gyres (the East Iceland Current and the westward branching of the Norwegian Current, Fig. 3 ). The inflow of warm North Atlantic water, which is the main conduit for heat transport from the low latitude Atlantic into the high northern seas, takes place across the Iceland=Faeroe Ridge, and at Fig. 3. Warm (arrows) and cold (dashed arrows) surface currents, Polar and Arctic fronts (redrawn after Samtleben et al., 1995) and summer and winter position of the ice-edge . The surface currents pattern has been simplified by removing the secondary branches of the main currents. a smaller scale through the Denmark Strait (Irminger Current).
For this study, the surface waters in the area have been characterized, according to Swift and Aagaard (1981) , in three major water masses (Table 1) : -AW (the Norwegian Current with its Atlantic Water) with salinities above 34.9 practical salinity units (psu) and temperatures above 3ºC; -PW (the East Greenland Current with its Polar Water) with salinities below 34.4 psu and temperatures below 0ºC; -ASW (Arctic Sea Water) with salinities between 34.4 and 34.9 psu and winter temperatures below 0ºC. According to Hopkins (1988) the Arctic Front (defined by the 35 psu isohale and reaching a depth Table 1 Water mass definitions for the GIN Seas after Swift and Aagaard (1981) (Niiler et al., 1992) .
Materials and methods
Core-top samples from 229 stations were available to cover the southern GIN Seas. The radiolarian abundance was determined in all those stations (Fig. 4) within the mapping area.
Stations for detailed study were selected on the basis of the abundance of radiolarian remains and Areas with more than 60 000 radiolarians per gram CaCO 3 free sediment are shaded. Increment between isolines D 10 000; heavy line increment D 50 000. This map is based on analysis of 229 samples, from which 63 were selected for the main study. The box shows the location of the area plotted in Fig. 5. by the following criteria, as recommended by Imbrie and Kipp (1971) : (a) The stations should have a reasonably even geographic distribution; (b) The sample set should underlie surface waters with a wide range of salinities and temperatures; (c) Core tops with dissolution should be avoided (we have also avoided stations with severe fragmentation); (d) Core tops with significant amounts of nonpelagic material should be avoided; (e) The core tops should contain only Recent radiolarians. This led to a selection of 63 samples ( Table 2) . Most of the core-top material used in this study was obtained from the topmost 1-2 cm of the Trigger weight (TW) cores from the core libraries at the Lamont-Doherty Earth Observatory, Columbia University (R=V Vema cruises 23, 27, 28, 29, and 30) , and the Department of Oceanography, University of Washington (USS Edisto 1963 cruise). Some additional cores were made available to us from the Geological Institute, University of Bergen (R=V Håkon Mosby cruise 31).
The techniques used to separate the radiolarian skeletons from the sediment have been described earlier by Goll and Bjørklund (1974) . The sieve size used was 45 µm.
We counted, in arbitrarily selected fields of view, between 327 and 570 specimens (Appendix B) identified as far as possible to species level. During this counting we encountered a total of 75 species. The counting categories included Spumellarida indet. (not identified) and Nassellarida indet. These two groups are negligible in some areas, constituting less than 5% of the total fauna, while in other areas they can be quite significant; often mainly juveniles and fragmented larcoids. These two groups are included when calculating the species percent values.
The species that were treated statistically had to meet the following criteria, recommended by Imbrie and Kipp (1971) : (1) the species had to occur as more than 2% of the total fauna in at least one station and (2) had to occur in at least 10 stations. After this selection was applied, 28 species remained for analysis.
Our goal was to correlate the GIN Seas radiolarian sediment species assemblages with modern overlying oceanographical parameters such as temperature, salinity and nutrients concentration. There are several temperature datasets available from the GIN Seas (USNHO, 1958; USNOO, 1967; Dietrich, 1969; Kellogg, 1975; Levitus, 1982; ICES, 1996) . In addition we had access to data for salinity (Dietrich, 1969) , phosphate, nitrate, and nitrite (ICES, 1996) . We finally used Dietrich (1969) temperatures, because this dataset gives a more accurate and realistic picture of the temperature and salinity distribution in the GIN Seas. An evaluation of the dataset best suited for our correlations will be given in Section 5.
The Imbrie and Kipp (1971) factor analysis method and the FORTRAN program CABFAC (Klovan and Imbrie, 1971) were used for the statistical treatment of the dataset.
The program Mercplot, developed by Tim Schrader for the POC (Predicting Ocean Climate) Program, Geological Institute, University of Bergen (Norway), was used to produce the contour maps. A Laplacian algorithm was used by the program to interpolate and draw contour lines. This algorithm was applied to a 15 ð 15 grid (coinciding with the study area), whose 225 elements were further subdivided in 8 grid boxes each, using cubic polynomial interpolation.
In this study we have included the Phaeodaria in our counts, because they occur in a significant amount in the GIN Seas surface sediments, a special phenomenon for these northern seas. When we are using the informal name radiolarians in this study, we include both Phaeodaria and Polycystina.
Results

Distribution of radiolarians in the surface sediments of the GIN Seas
The abundance of radiolarian skeletons in the surface sediments of the GIN Seas, on a carbonate-free basis, is shown in Fig. 4 .
The program used to plot this figure displays and smooths three areas of high radiolarian concentrations, and interpolates the abundance data which have maxima that are actually higher than shown in Fig. 4 . The high radiolarian abundance areas are located on the Iceland Plateau (peak value, 155 000 skeletons=g at station V27-47) and in both the southern (101 000 skeletons=g at station ED-87) (Dietrich, 1969) , summer and winter surface temperatures from Dietrich (1969) , Kellogg (1975) and Levitus (1982), respectively and ICES (1996) Distribution maps are given for the most common of these species, marked with an asterisk.
The distribution of all 11 most common species are discussed below, including comparison of distribution data from other authors:
Amphimelissa setosa (Fig. 5 ) is, according to Bjørklund and Swanberg (1987) , present in two morphological varieties in the study area, a "reticulate neritic" (12% and 33% of the A. setosa population in the plankton and surface sediments on the Iceland Plateau respectively) and a "smooth oceanic" form. Both forms were encountered during the present study. The smooth oceanic form is known for its cold water affinity, with the reticulate form becoming dominant over the smooth form going eastward towards the western coast of Norway and into the fjords. However, the total number of A. setosa (regardless of the form) in the sediments decreases from west to east. This is supported by its distribution in the western part of the GIN Seas, being dominant (up to 76%) at the Iceland Plateau and common (>20%) just north of the Iceland-Faeroe Ridge, Fig. 5 . This closely parallels with the extent of water masses having a surface temperature colder than 10ºC during the summer (Fig. 2b) . Pseudodictyophimus gracilipes (Fig. 6 ) had its main distribution in the eastern GIN Seas, largely reflecting the presence of Atlantic water and the mixing area of warm and cold water southeast of Jan Mayen, with a maximum of 21% at the junction of the Lofoten and Norwegian Basins. It also occurred in the proximity of the ice edge offshore of Greenland, Fig. 6 , in agreement with the observations of Swanberg and Eide (1992) , who found this species at all of their stations.
Lithomelissa setosa (Fig. 7 ) had warm water affinity and is the most common species in the eastern part of the Norwegian Sea (16%), especially common in the Atlantic domain and in the central gyre of warm and cold water mixing, traced by the 5% isoline in Fig. 7 . In the Iceland Sea L. setosa is only found as trace abundances, <1%.
Actinomma boreale and A. leptoderma (Fig. 8a-c ) are usually reported as a group (e.g. Samtleben et al., 1995) , due to difficulty in identification, particularly of juvenile stages. In Fig. 8a the abundance of the Actinomma sp. group is plotted, showing high percentages to the east of a line drawn from Jan Mayen to the Faeroe Islands, as shown by the 9-10% isoline. However, the area located between the summer and winter positions of the sea ice-edge, also showed a slight increase in the relative abundance of the Actinomma sp. group. By applying the species con- cepts of Cortese and Bjørklund (1998) we were able to recognize two species.
The Actinomma boreale distribution (Fig. 8b ) was limited to the eastern part of the GIN Seas. It was particularly abundant, >7%, in the area east of 0º longitude, with a branch extending westward at 68ºN latitude.
A. leptoderma was most abundant between 0 and 10ºW, Fig. 8c , with two distinct distribution maxima, one in the northern and one in the central part of the Norwegian Basin. These two maxima were intersected by the Arctic Front, the northern being to the west of the front, whilst the southern was on the eastern side. In addition, the relative abundances of A. leptoderma increased towards the ice-edge off Greenland, Fig. 8c . This observation is also in accordance with those of Swanberg and Eide (1992) , who found A. leptoderma to be one of the dominant species of living plankton in that area.
In their studies of the polycystine radiolarian distributions in the western Iceland and southern Greenland Seas, Molina-Cruz and Bernal-Ramirez (1996) could not identify any clear pattern in the distributions of A. boreale and A. leptoderma. However, they reported these species at their highest abundances where Arctic Surface Water was present. The percentage abundance values of these species are approximately the same as those in our estimates.
Lithocampe platycephala (Fig. 9 ) was present at all stations. Its 8% isoline corresponded well with the deepest part of the Norwegian Basin. We associated this distribution with the area east of the gyre where the cold East Iceland Current and the warm Norwegian Current mix. L. platycephala was also present in high percentages in the ice edge area between Greenland and Jan Mayen, in close agreement with Molina-Cruz and Bernal-Ramirez (1996) . However, the latter authors encountered L. platycephala in abundances from 11.3 to 18.7% of the fauna, values twice as high as those we found.
Artobotrys boreale (Fig. 10 ) distribution was centered in the eastern part of the GIN Seas, with particularly high percentages (up to 11%) in the northern Norwegian Basin, but also in the central Norwegian Basin, with maximum occurrences in the GIN Seas to the east of the mixing zone of warm and cold water. Its geographical distribution suggests that it is confined to high northern latitudes, both in the Pacific and Atlantic Oceans (Kruglikova, 1977) , and as such it is interpreted as a cold water species.
High abundances of Phorticium clevei were found in the area east of the Arctic Front, under the influence of Atlantic water. The highest percentage (10%) was found in the northwestern Norwegian Basin. This species had low occurrences in the Iceland Sea, <1%, in very good agreement with the results of Molina-Cruz and Bernal-Ramirez (1996) .
Larcospira minor percentages showed a distinct gradient of abundance increasing from the west to the east. This gradient steepened and reached particularly high values (8-10%) on the Vøring Plateau in the easternmost portion of the study area.
Lithomitra lineata had the same distribution pattern as Artobotrys boreale, with maxima (7%) both in the northern and in the central Norwegian Basin. According to Boltovskoy (pers. comm. 1997 ), a closely related species (L. arachnea) dominates southern polar waters and their associated sedimentary assemblages. This implies high standing stocks of living populations, most probably associated with levels of maximum radiolarian abundance (Boltovskoy, pers. comm. 1997 ). In the Labrador Sea ODP Site 646, L. lineata has peak occurrences in the Plio-Pleistocene sediments (Bjørklund, unpublished data) , indicating the potential use of this species in palaeoecological interpretations. In the Norwegian Basin L. lineata is most abundant in the mixing zone of warm and cold water.
Cycladophora davisiana occupied the central part of the Norwegian Basin with percentages higher than Fig. 12 . Geographical distribution of factor components for Factor 2. The most important species for this factor are Pseudodictyophimus gracilipes (3.247), Lithomelissa setosa (2.731) and Actinomma boreale (1.851), scaled varimax factor score in brackets. Areas where factor components for Factor 2 are higher than 0.500 are shaded. Increment between isolines D 0.100; heavy line increment D 0.500. Morley and Hays (1979) , and Bjørklund and Ciesielski (1994) demonstrated this species to be a deep and cold water indicator. The stratigraphical distribution of C. davisiana displays a significant peak occurrence in the North Atlantic (Morley, 1983) . This peak has been correlated to the last glacial maximum, therefore making this species powerful as a high resolution biostratigraphical tool at both high northern and southern latitudes. 
Factor analysis of radiolarian associations
The dataset (Appendix B), species counts in stations, was used to group the species into various associations by applying the CABFAC factor analysis technique.
The resulting varimax factor components (Table 3) are plotted by stations in a set of maps to represent visually the factors extracted.
We have interpreted Factor 1 ( Fig. 11 ) as a cold (Polar and Arctic) water factor, because high (>0.90) factor loadings are found on the Iceland Plateau, and the 0.50-0.60 isolines roughly trace the position of the Arctic Front and the intrusion of the cold East Iceland Current towards the southern sector of the Norwegian Basin. Amphimelissa setosa dominated this factor with a varimax factor score of 5.269, Table 4 .
Factor 2 ( Fig. 12) has been interpreted as a warm (Atlantic) water factor, with particularly high (>0.80) factor loadings on the Vøring Plateau. The warm Norwegian Current sends off a gyre to the northwest, which reaches just to the southeast of Jan Mayen. This gyre is visible in the lobate shape of the isolines of the factor loadings of Factor 2 (Fig. 12) .
Species with a high varimax factor 2 score included Pseudodictyophimus gracilipes (3.247), Lithomelissa setosa (2.731) and Actinomma boreale (1.851), Table 4 .
Factor 3 ( Fig. 13) was best described as a central Norwegian Basin factor as factor loadings higher than 0.20 reproduced well the shape of this basin, including the protrusion of the Vøring Plateau from the east to the west. We associate this pattern with the gyre where the cold East Greenland Current and the warm Norwegian Current mix. High absolute values of varimax scores were obtained for Lithocampe platycephala (3.251), Lithomelissa setosa ( 2.176), Actinomma leptoderma (1.994) and Artobotrys boreale (1.504), Table 4 .
Discussion
Correlation of factor analysis with environmental parameters
Marine micropalaeontological investigations that have attempted to use proxies to extrapolate to ecological information about past environments have generally correlated microfossil distributions with modern sea-surface temperature (or occasionally salinity) and related this downcore to palaeotemperatures. Often this has been because the palaeoecological investigations have been interested primarily in temperature as an indication of general palaeoenvironmental conditions, but it is probably often the case that temperature and salinity are the parameters that are easiest to obtain over a wide range of space and time. Temperature is certainly important to living organisms, and controls their distribution in a very broad sense (they tend to be related to water masses), but one must keep in mind that species, not assemblages, respond to their environment, and that most species of plants and animals have a gaussian response to temperature (see lengthy discussion of multivariate analysis in Gauch, 1982 , and references therein) and most other environmental variables. Factor analysis elaborates the correlation between the species distributions and the parameters in question. The assumptions of factor analysis depend on a linear response by species to the variables being investigated (Gauch, 1982) . This means that factor analysis will work quite well as a linear estimate of regions of a gaussian curve over short gradients. End members (extreme differences related to water masses) certainly appear strongly, but are probably much less sensitive in extracting reliable equations. Factor analysis should be less useful in areas where there are long gradients in the parameter in question. The traditions in paleoecology and ecology are totally different in this area: few modern multivariate ecological investigations use factor analysis.
The distributions of plants and animals are influenced by a number of other environmental parameters, which should serve to blur the temperature signal. In particular, animals and plants are all dependent on nutrition, either from sunlight and nutrients in the case of autotrophs or from other organisms in the case of heterotrophs. This means that the general ecological conditions of the surrounding marine community probably has more effect on species distributions than does temperature. Temperature should be considered as a necessary but not sufficient parameter for most organisms' survival. Changes in temperature regimes can exclude species, or permit them to invade new areas if all other conditions permit. That many species distributions correlate well with temperature is probably more an indication of the fact that water masses, and all of the more provincial biologic factors controlling taxa, correlate well with temperature, than that temperature has some direct tight mechanistic control on species distribution. Hence uncritical extrapolation of present day temperature correlations into the geological past is perilous.
When analyzing the faunal assemblages in an area, it is of interest to seek correlation with oceanographic parameters such as temperature, salinity, phosphate, nitrate, nitrite, silica, chlorophyll, phaeopigment. We tested the relationship between the different factor scores and various oceanographic datasets.
Sea surface temperature data sets are essentially of two kinds: those collected almost simultaneously, synoptical data (Dietrich, 1969) , and those that have been collected over many years and during different seasons (USNHO, 1958; USNOO, 1967; Kellogg, 1975; Levitus, 1982; ICES, 1996) . Dietrich (1969) gives a more accurate picture of the position of both water masses and fronts in the GIN Seas. Levitus (1982) , and also the other non-synoptic data sets, instead show a simple westeast temperature gradient with parallel isotherms, and do not reflect major oceanographic features such as the East Iceland Current and the westward branch of the Norwegian Current. This is also in accordance with the conclusion by Sarnthein and Altenbach (1995) : "The Levitus SST data that form the calibration base of both the SIM-MAX and CABFAC transfer techniques for deducing paleotemperatures contain a further, widely unrecognized problem in the Nordic Seas. These SST values average the measured data over large regions and many decades, thus they would suppress the actual oceanographic frontal systems and are much too high in the close vicinity of sea-ice margins in the Greenland Sea (2.5-4.0ºC) compared with synoptic (real) SST distribution patterns (0-2ºC). If these Levitus SST data are used as boundary conditions of threedimensional circulation models, they even suppress major features such as the East Greenland Current (Seidov et al., submitted) . To overcome this problem, Seidov et al. (submitted) have adjusted the Levitus average values off Greenland to the genuine synoptic SST data of Dietrich (1969) ".
But sediment top distributions of rads are not synoptical. They are time averaged. Hence, a priori we might expect the non-synoptic datasets to give better correlation if temperature actually controlled distribution. Better correlation with Dietrich dataset thus may support the hypothesis that temperature per se is not the real control, but simply an indicator of oceanographic conditions.
The discussion above made us prefer, for correlation purposes, the synoptical Dietrich (1969) data set rather than any other more recent non-synoptical temperature data set (as Kellogg, 1975; Levitus, 1982; ICES, 1996) .
The correlation coefficients between Factors 1 to 3 and the four datasets of sea surface temperature were calculated and are shown in Fig. 14 (Dietrich, 1969; Kellogg, 1975; Levitus, 1982; ICES, 1996) . Fifth degree polynomial interpolation has been used.
.R 2 D 0:891/, which is apparent from the plots in Fig. 14 , while Factor 3 .R 2 D 0:497/ shows a worse correlation to temperature, however still significant at the 5% confidence level. The other data sets do show the same trend, with Factor 1 and 2 probably related to temperature, or to unknown parameters related to temperature, while Factor 3 is more loosely correlated to temperature. Oceanographic data from ICES (1996) . The right column gives the number of stations that has been used to produce a map of the distribution of each parameter at the different depths. These maps were used to extrapolate the values of the different parameters corresponding to the geographical position of our 63 stations.
We also calculated the correlation coefficients for the three factors against the temperature reported in the ICES database for depths of 0, 20, 50, 100, and 200 m (Table 5 ). All the correlations between our factors and ICES temperatures were significant at the 5% confidence level, and there was a trend of improving correlation coefficients with depth, with the best fit at 200 m for Factors 1 and 3 and at 100 m for Factor 2, an increase of ca. 0.35 in the correlation coefficient for Factor 3.
Petrushevskaya (1971) reported that the bulk of living radiolarians in the open Pacific Ocean was found between 100 and 200 m. Swanberg and Bjørk-lund (1986) also documented that radiolarians in west Norwegian fjords had peak occurrences at subsurface depths, and finally Swanberg and Eide (1992) reported that radiolarians from the east Greenland Sea had their highest concentrations below 25 m. We therefore concluded that if there were a correlation between the radiolarian assemblages and temperature, we had to test this relationship with temperature at the depth where radiolarians are most likely to live. The fact that salinity and temperature correlation coefficients increase with depth indirectly confirms that the optimal living depth for radiolarians is not at the surface, but deeper.
We then correlated the Dietrich (1969) temperature data from 0, 50, 100, and 200 m for both winter and summer (Table 6 ) with our Factors 1-3. These observations are in accordance to the find- ing of mesoscale eddies along the southern portion of the Arctic Front (Niiler et al., 1992) . These eddies are short ranging in time, have a very local distribution and only limited to the upper 50 m, making the deeper parts of the water column and the position of the Arctic Front more stabile. This could therefore explain the increasingly better correlation of temperature and radiolarian associations with depth. A trend of better correlation was evident for winter temperatures and Factors 1 and 2 with increasing depth, being optimal at 100 m. For the summer, however, the best fit was found for the surface values. For Factor 3 there was a looser correlation to temperature, but the results show that at 50 and 100 m, in winter and in summer respectively, the correlation coefficient for Factor 3 reaches its highest value.
The ICES (1996) data also provided information on temperature, salinity, silicate, phosphate, and nitrate from hundreds of stations in the GIN Seas.
In our analysis of the data the correlation coefficients .r 2 / between factor scores and salinity, silicate, phosphate, and nitrate are significant at the 5% confidence level (for n D 62 then r D 0:25 or higher, i.e. r 2 D 0:06 or higher, is significant at the 5% confidence level) at any depth. The only exceptions (Table 5) were Factor 3 vs. silicate at 200 m depth, Factor 1 and Factor 2 vs. nitrate at 100 m depth, and Factor 3 vs. nitrate at 200 m depth. For nitrite, pH, and ammonium data were not available from a large enough number of stations to correlate these parameters to our factor scores.
The correlation between radiolarian associations (factors) and nutrient content (dissolved phosphate, silicate and nitrate of seawater) decreases with depth. This can be interpreted as caused by the fact that radiolarians are mainly feeding on primary producers, therefore there is an indirect correlation with nutrients (Table 5) .
In neritic waters on the west coast of Norway, Bjørklund (1973) reported a mid-summer radiolarian abundance peak, following the spring phytoplankton bloom and copepod abundance peak. This is also in agreement with the general biological assumption that individuals reproduce when food is available. In the Greenland Sea, Swanberg and Eide (1992) concluded that nassellarians mostly fed on nanoflagellates and small ciliates. They also reported that the upper 25 m were not sampled due to clogging of the net by phytoplankton and that the highest concentrations were found below this zone of phytoplankton production, with densities between 4.58 and 69.92 radiolarians=m 3 (stations PS 83 and EN 6, respectively), a rather low number when compared to the neritic value of 2000 radiolarians=m 3 , reported by Swanberg and Bjørklund (1986) .
We do not have any radiolarian plankton abundance data for the winter in the GIN Seas. However it is likely that they would be lower, as both Bjørk-lund (1973) and Swanberg and Bjørklund (1986) demonstrated low radiolarian abundances in the neritic waters of western Norway during winter. In the Subarctic Pacific the radiolarian flux displays peak values from April to September 1983 and from April to August 1984, while low flux values are found in the winter (Takahashi, 1987) .
Factors 1 and 2 probably correlated better with summer than with winter surface temperature, Table 6, because the reproduction of polycystine radiolarians occurs in the summer, which is also the season for phytoplankton production, one of the assumed food sources for polycystine radiolarians. The bulk of the skeletons would therefore be produced in the water column and transported to the surface sediments during this season.
Very high correlation values between temperature and factor scores are found for the winter temperature dataset at 50, 100 and 200 m depths, Table 6 . Our working hypothesis for this good correlation is that it is in the winter that the cold water lobe southeast of Iceland is more evident. In this season the East Iceland Current, carrying ASW, reaches its easternmost position. Since the radiolarian assemblage of this watermass is dominated by Amphimelissa setosa and since this species is one of the most common in the study area, this eastward migration of the Arctic Front allows it to settle down in the bottom sediments in areas where this species is most probably not present in the plankton in summer.
Factor analysis, abundance and association patterns
There appear to be three areas high in radiolarian abundance in the GIN Seas (Fig. 4) . (1) The southernmost of the three areas of high radiolarian abundance corresponds to an area high in chlorophyll a (Fig. 15 and Table 7) . (2) At 68ºN latitude, between 0º and 15ºW longitudes, the high radiolarian abundance distribution is intersected by the Arctic front. East of the front, the high radiolarian abundance corresponds to the AW. (3) On the Iceland Plateau to the west of the front the high radiolaria abundances occur under the gyre where the mixing of AW and ASW takes place. The two latter areas high in radiolarian abundance might also correspond to similar areas high in chlorophyll a, but no data are available to support this assumption.
The data from the two cruises ('Tydeman', June 1986 and 'Scotia' July 1973) have not been separated in Fig. 15 , as these blooms seem to be a common phenomenon occurring every summer in the study area. In fact, Wiborg (1955, fig. 18 ) shows the quantitative distribution of the copepod species Calanus finmarchicus from 1948 to 1953, reporting peak occurrences of this species immediately north of Faeroe Islands and to the northeast of Iceland. These peak occurrences must be connected to primary producers, upon which the copepods are feeding. Moreover, high values of chlorophyll a have been observed in two widely separated years (1973 and 1986, Table 7) and would confirm that the presence of phytoplankton blooms is a common feature for this region. We therefore conclude that the area of primary production north of Faeroe Islands might well be a yearly phenomenon and can explain the high number of radiolarian skeletons in the bottom sediments of the southern Norwegian Basin (Figs. 4 and 15) Swanberg and Eide (1992) documented radiolarian populations close to the ice edge in the Greenland Sea. They were able to distinguish two different plankton associations: an ice-edge group, with juveniles and adult stages of Amphimelissa setosa, Pseudodictyophimus gracilipes and a more open-water group, composed of Actinomma sp. juveniles (most of them being probably A. leptoderma), Actinomma leptoderma and Peridium longispinum. The former association correlates well with chlorophyll a and phaeopigments, while the latter does not. Swanberg and Eide (1992) concluded that the former association was composed of juveniles and lightly-built species able to respond quickly to food availability; and the latter association was dominated by more robust species, such as Actinomma leptoderma, that are slower in responding to increased food availability.
These species are also present in our study area (see also Results paragraph) and their distributions are consistent with the observations of Swanberg and Eide (1992) : the same species are particularly abundant in water mixing (frontal) areas and where the nutrient content is thought to be high. Swanberg and Eide (1992) stated that "the total abundance of radiolaria correlated with integrated phaeopigment, but not with chlorophyll a. In discriminant function analysis the 'ice edge' radiolarian species listed above correlated well with chlorophyll a and phaeopigments, while the 'open water' species did not".
The bottom topography in this part of the Norwegian Sea strongly influences the radiolarian abundance distribution. The northern limit of high abundance approximates the position of the Jan Mayen Fracture Zone (JMFZ). In the Norwegian Basin the topography is rough, while in the Lofoten Basin to the north of the JMFZ it is smoothed, as a result of terrigenous input from the Barents Sea and slumping from the steep shelf off northern Norway.
Factors that probably control the distribution patterns of poorly preserved and sparse biogenic opal radiolarian skeletons in the Greenland Sea sediments have been discussed by several authors (Stadum and Ling , 1969; Petrushevskaya and Bjørklund, 1974; Goll and Bjørklund, 1985) . They concluded that the low abundances were probably a result of low radiolarian production, combined with opal fragmentation, dilution by input of minerogenic components, and chemical dissolution.
The low radiolarian numbers in the bottom sediments of the Lofoten Basin are probably a result of this high terrigenous input. This is in agreement with Paetsch et al. (1992) who indicate a high accumulation rate of terrigenous matter in the Norwegian Sea (Lofoten Basin), which they conclude to originate from the Norwegian continent. The continental slope off Møre is steep, and large slumping scars have been reported by several authors, e.g. Bugge et al. (1984) .
Mica is the most common mineral component in the area of the Norwegian Basin where radiolarian fossils are sparse. Eisma and van der Gaast (1983) distinguished two mineral provinces in the Norwegian Sea: a basaltic province on the IcelandFaeroe Ridge, with high concentrations of smectite, plagioclase and augite, and an acidic province along the Scotland-Shetland shelf, with high concentrations of illite, swelling illite and quartz. They also demonstrated how the distributions of these two mineral provinces, especially that of smectite, and the concentrations of coccoliths in Late Quaternary sediments reflected the change of current patterns during the most recent glacial-interglacial cycles. We suggest that the low opal radiolarian abundance in the bottom sediments of this area is caused by the masking effect of the slumped material. The high amount of mica gives further support to the idea of active slumping or mass transportation in the area.
The number of species (Appendix B) at each station has been plotted, Fig. 16 . It is evident that most of the Atlantic domain is represented by high species numbers (>28), while most of the Polar and Arctic domains are represented by lower species numbers (<24). The contour lines for 24 and 28 species roughly enveloped the position of the Arctic front, an important oceanographic feature in the study area, which is located in the middle of the gradient of species number (Fig. 16 ). The number of species could therefore give a rough estimate of the position of the predominant water masses and oceanographic features, such as fronts, in the Norwegian-Iceland Seas in the geological record.
Factor 1 is focused on the western radiolarian abundance maxima, but also includes sediments to the north with low radiolarian abundances (Figs. 4 and 11) . Therefore Factor 1 is not a solution artifact.
Factor 2 is focused well to the east of the radiolarian abundance maxima. The highest factor loadings (Fig. 12) are within the 10 000-20 000 radiolarian abundance contours (Fig. 4) . The 0.5 factor loading contour includes the two eastern radiolarian abundance maxima.
Factors 1 and 2 are essentially mutually exclusive. The 0.6 factor loading contours of the two factors almost coincide.
Factor 3 includes the northern radiolarian abundance maximum (Fig. 4) , but extends to the south and has its highest value north of the southern radiolarian abundance maximum. Factor 3 is centered immediately to the east of the 0.6 factor loading contour for the two previous factors (Fig. 13) , forming the boundary between Factors 1 and 2. Factor 3 has its highest values between the 0.5 and the 0.8 factor loading contours of Factor 2.
The northern radiolarian high abundance area, Fig. 4 , could be interpreted as a single high production area. However, it is subdivided by the Arctic Front and therefore represents two different production areas.
Furthermore, the two Norwegian Sea abundance areas to the east of the Arctic Front could be interpreted as a single production area mirroring the AW. The separation into a southern and a northern abundance area, Fig. 4 , could be a result of dissolution or sediment dilution, probably caused by slumping from the Vøring Plateau area to the east.
When plotting the selected varimax factor loading of 0.500 for Factor 1 and 0.700 for Factor 2, the isolines for these factor loadings coincide almost perfectly north of 66ºN latitude in the Norwegian Sea, Fig. 17 . This area also corresponds with the geographical position of Factor 3, interpreted as the area where mixing of warm Atlantic and cold Arctic water takes place, and also depicts the position of the Arctic Front.
In the southeast Factor 1 makes a large lobe extending towards The Faeroe Islands. In this area there is no match between the 0.500 Factor 1 isoline and the position of the Arctic Front. We interpret this discrepancy as a result of two signals, the Arctic Front being defined on a surface water temperature and salinity signal, while Factor 1 is signalling the subsurface radiolarian production zone, in this case Amphimelissa setosa which is the most predominant species in Factor 1.
Radiolarian preservation
Consideration of the preservation quality of the skeletons is essential for the discussion of radiolarian skeletal assemblages in the bottom sediments. Stadum and Ling (1969) reported on the exceptionally high abundance of phaeodarian skeletons in the surface sediments of the Norwegian and Iceland Seas. Bjørklund (1984) reported seven phaeodarian species from the region, and in the present study we have identified two more.
That the phaeodarians are relatively common in Norwegian Sea surface sediments suggests that the silica preservation is good, as phaeodarians are normally the first siliceous radiolarians to disappear from the sediment assemblage (Takahashi, 1981; Takahashi and Honjo, 1981) . Since Phaeodaria are reported in higher abundances in cold water (Takahashi, 1987; Bernstein et al., 1990; Abelmann and Gowing, 1996) than in warm water regions, their high primary abundance might be the major point for preservation.
In core V27-46, on the Iceland Plateau, Kellogg (1975) recorded three distinct carbonate high peaks: at 0-30 cm, corresponding to the Holocene; at ca. 300 cm, corresponding to the Eemian (isotopic stage 5e); and at ca. 1030 cm, extrapolated to an age of ca. 433 000 years (isotopic stage 11). Biogenic opal (diatoms, polycystine radiolarians and phaeodarians) is rich in the upper carbonate peak, while in the Eemian section biogenic opal is absent (Bjørk-lund, 1984) . He also reported that phaeodarians were present at ca. 1030 cm to the bottom of the core, but that no diatoms or polycystine radiolarians were observed. This clearly shows that the accumulation and preservation of opal microfossils during three of the last interglacial periods have different opal signatures.
Data on the dissolved silica (as silicate) content in the bottom water from the Norwegian Sea, the Iceland Plateau, and the Cape Verde-Madeira Abyssal Plain were obtained from the GEOSECS database (GEOSECS, 1980), Table 8 . The dissolved silica concentration in the GEOSECS data was between 9 and 15 µmoles=kg on the Iceland Plateau and 13-15 µmoles=kg in the Norwegian Basin, or about one fourth of the silica concentration in the North Atlantic bottom waters (46 to 48 µmoles=kg in the stations sampled in the Cape Verde-Madeira Abyssal Plain). The silica concentration in North Atlantic bottom waters is particularly high where the influence of Antarctic Bottom Water is felt. The presence of phaeodarian skeletons and the high abundances of opaline polycystine radiolarians in the surface sediments of the GIN Seas must be due to some factor other than high silica concentration. This is supported by Sugiyama and Anderson (1997) who stated, for living rads in culture, that: " : : : changes in seawater silicate may not have a dramatic effect on longevity, skeletal size, or weight of some radiolarians. Thus other environmental variables, such as variations in temperature and salinity, may more likely impress a relatively more salient signal in the microfossil record". Distributions of phaeodarian skeletons and volcanic glass overlap in the GIN Seas, but do not correlate strongly (extreme examples include core V30-147, abundant in ash, but barren in phaeodarians, and core V28-42, abundant in phaeodarians, but barren in ash-shards). The presence of phaeodarian skeletons in surface sediments is always associated with good preservation of other opal microfossil groups, such as diatoms and polycystine radiolarians. We conclude that there is no direct correlation between the opal radiolarian preservation and the amount of volcanic glass, nor do the numerous volcanic ash shards have any significant influence on the dissolved silica values in the bottom waters of the Norwegian Sea and the Iceland Plateau.
Conclusions
(1) It was possible to recognize three species associations (factors) in the study area, and to plot their geographic position.
(2) The correlation coefficients obtained between seasonal sea surface temperature and Factors 1 .R 2 D 0:835/, and 2 .R 2 D 0:891/ show a very good fit, while for Factor 3 .R 2 D 0:497/ the correlation, although still significant at the 5% confidence level, was not as clear as for the first two factors. The factors correlated better with the summer than the winter sea surface temperatures.
(3) Good correlation between temperature and factor scores is found for the winter temperature dataset at 50, 100 and 200 m water depth, Table 6 . Our working hypothesis is that the eastward migration of the Arctic Front (and of the East Iceland Current, carrying the dominant species Amphimelissa setosa) is the reason for this good correlation.
(4) There was a trend of improving correlation coefficients with depth between factor scores and temperatures, with the best fit at 200 m for Factors 1 and 3 and at 100 m for Factor 2. This indirectly confirms that the optimal living depth for radiolarians is not at the surface, but deeper.
(5) The correlation between Factors 1-3 and phosphate, silicate, nitrate measurements from different depths of the GIN Seas was significant at the 5% confidence level, with very few exceptions.
This correlation decreases with depth and can be interpreted as caused by the fact that radiolarians are mainly feeding on primary producers, therefore there should be an indirect correlation with nutrients.
(6) The highest species richness for polycystine radiolarians (>28 species) was found in the warm Atlantic domain, the lowest (<24 species) was found in the colder arctic and polar domains.
An area approximating the position of the Arctic front had between 24 and 28 species, being located in the middle of the gradient of species number. This number could be used for a rough estimate of the position of the predominant water masses and oceanographic features, such as fronts, in the Norwegian-Iceland Seas in the geological record.
